Division of Human Genetics
and an amino-terminal conserved domain are necessary for function. However, direct physical interactions beUniversity of Maryland School of Medicine Baltimore, Maryland 21201 tween Dsh and other wg pathway proteins have not been detected. Therefore, the precise role of Dishevelled in transducing the wg signal in Drosophila is unknown. All three murine Dishevelled genes (Dvl1, Dvl2, and Summary Dvl3) are broadly expressed during embryonic development and in adult tissues (Sussman et al., 1994 ; KlingenMice completely deficient for Dvl1, one of three mouse smith et al., 1996; Tsang et al., 1996) . These expression homologs of the Drosophila segment polarity gene patterns overlap extensively, suggesting redundancy of Dishevelled, were created by gene targeting. Dvl1-function among the Dvl genes. Although changes in subdeficient mice are viable, fertile, and structurally norcellular localization of Dvl protein have been observed mal. Surprisingly, these mice exhibited reduced social in Wnt1-overexpressing rat PC12 cells (Steitz et al. , interaction, including differences in whisker trimming, 1996), the function of mammalian Dishevelled homologs deficits in nest-building, less huddling contact during in Wnt signaling or in development is completely unhome cage sleeping, and subordinate responses in a known.
social dominance test. Sensorimotor gating was ab-
To study the role of Dvl genes in the mouse, we crenormal, as measured by deficits in prepulse inhibition ated mice completely deficient for Dvl1, since there are of acoustic and tactile startle. Thus, Dvl1 mutants may no known naturally occurring murine Dvl mutants. The provide a model for aspects of several human psychistrong pattern of expression of Dvl1 in adult cerebellar atric disorders. These results are consistent with an granule cells, hippocampus, and olfactory bulb (Sussinterpretation that common genetic mechanisms un man et al., 1994) suggested to us that Dvl1 might have derlie abnormal social behavior and sensorimotor gatunique central nervous system functions. In support of ing deficits and implicate Dvl1 in processes underlying this, we have discovered a role for Dvl1 in complex complex behaviors.
neurologic and behavioral traits. Introduction
Results
The wingless/Wnt pathway, first described in Drosophila, is a highly conserved developmental pathway inCreation of Dvl1 Null Mice volved in cell fate determination in virtually all eukaryotic
To create a null allele for Dvl1, we replaced part of exon organisms (reviewed in Moon et al., 1997) . One member 2 and all of exons 3 and 4 with PGKneo in the opposite orientation relative to Dvl1 transcription ( Figure 1A ). This disruption eliminates amino acids 131-225 (13.5% of 8 The first two authors contributed equally. the 695 amino acid coding sequence) and introduces
Morphology of Adult and Embryonic Mice
Embryonic and adult Dvl1-deficient animals were multiple stop codons from PGKneo 3Ј of exon 2 sequences and 5Ј of the conserved PDZ domain (at amino grossly normal in appearance, size, growth, and development. Birth and adult weights were similar (data not acids 234-371). The targeting construct was transfected into TC1 embryonic stem cells (Deng et al., 1996) . Three shown). All further investigation was conducted in 129/ SvEv inbred mice. The only genetic difference between targeted clones were identified after selection ( Figure  1B ). Two targeted clones were injected into blastocysts, any of the mice examined was at the Dvl1 locus, and any reproducible differences between mice would be and both produced high frequency germline chimeras.
Animals heterozygous for the targeted Dvl1 allele were the result of their Dvl1 genotype. Histological examination of Ϫ/Ϫ embryos and adult tissues revealed no abestablished with a mixed or inbred genetic background, by mating germline-transmitting chimeras with NIH normalities (data not shown). Adult inbred Dvl1 null animals had normal viability, fertility, and lifespan and have Black Swiss or 129/SvEv mice, respectively (see Experimental Procedures). F1 heterozygotes were internot displayed any illnesses. The oldest animals have lived more than 24 months. crossed and offspring were genotyped by Southern blot analysis. All three genotypes were detected in litters Adult brains from 129/SvEv inbred ϩ/ϩ and Ϫ/Ϫ littermates were examined histologically. All regions of ( Figure 1C We examined Dvl1 expression in cell lines derived 2D), cerebellar vermis (Figures 2E and 2F) , and cerebellar hemispheres (data not shown), areas of the brain from Dvl1 Ϫ/Ϫ and ϩ/ϩ mice by immunoblot analysis with a mouse monoclonal antibody (1-3F12) to the carwhere Dvl1 expression is high (Sussman et al., 1994) . We examined five mutant and three age-matched wildboxyl terminus of Dvl1. Dvl1 was identified in ϩ/ϩ samples as a 75 kDa protein, but no Dvl1 protein was detype brains completely by sagittal sections, and two brains of each genotype by coronal sections. In one tected in the mutant mice ( Figure 1D ), demonstrating that the Dvl1 mutant allele is a null allele.
wild-type brain, the foliation pattern was different from and females from several mouse strains (Hauschka, 1952; Long, 1972) , and 129/SvEv mice housed in several different rooms at the NIH or the vendor (Taconic Farms) displayed this severe whisker-trimming behavior. In contrast, all Dvl1-deficient mice had full sets of whiskers and facial hair ( Figure 3B ). At the age of weaning, all ϩ/ϩ and Ϫ/Ϫ mice had full sets of whiskers, but with age, ϩ/ϩ mice lost whiskers and facial hair. More than 100 different inbred male and female ϩ/ϩ and Ϫ/Ϫ mice housed as uniform genotypes were scored for the presence of whiskers as a function of age. Less than half (25%-50%) of ϩ/ϩ mice of either sex at each age had whiskers, while 100% of Ϫ/Ϫ mice had full sets of whiskers and facial hair ( Figure 4A ). The frequency of whisker trimming, measured by the absence of whiskers in mice between 2 and 9 months of age, was significantly different between ϩ/ϩ and Ϫ/Ϫ mice ( 2 ϭ 10.29, p Ͻ 0.01). Notably, heterozygous mice also display whisker trimming (data not shown).
Lack of Barbering Associated with Abnormal Social Interaction
From anecdotal observations of mice in their home cages, it appeared that the Dvl1-deficient mice interacted less frequently than wild-type mice, suggesting that the mutant mice had abnormal social interaction. To assess home cage behaviors over extended periods only 2 episodes. In contrast, the frequency of selfgrooming behaviors was similar between ϩ/ϩ (41 episodes) and Ϫ/Ϫ (36 episodes) mice. These preliminary that seen in all other mice and probably represented strain-specific variation. In all other brains, there were observations suggested that Dvl1 mutant mice displayed reduced social interaction and that this decrease no differences between wild-type and mutant mice. Thus, no structural abnormalities were seen in any tissue may be related to differences in whisker trimming between wild-type and mutant mice. of Dvl1-deficient mice.
To test this, we housed one ϩ/ϩ mouse that was devoid of whiskers and facial hair with one Ϫ/Ϫ mouse Lack of Barbering and Whisker Trimming in Dvl1 Null Mice that had full facial whiskers and hair, in 11 (4 male and 7 female) cages, and observed the changes in whisker Completely inbred 129/SvEv homozygous Dvl1-deficient animals were generated from homozygous crosses. Anipattern after mixing. In all 11 cages, each ϩ/ϩ mouse regrew full sets of whiskers and facial hair within 2-4 mals were mated in this fashion for only one or two generations, then crossed to wild-type 129/SvEv aniweeks. In 5 of the cages, Ϫ/Ϫ mice lost all whiskers and facial hair ( Figure 4B ). These changes in whisker mals to decrease the likelihood of fixing any randomly occurring mutations. Sibling matings were avoided and pattern were significantly different ( 2 ϭ 4.141, p Ͻ 0.05). The ϩ/ϩ mice with whiskers were then returned to their matings between Ϫ/Ϫ animals derived from chimeras of the two different targeted clones were performed home cage with their ϩ/ϩ littermates. Within 2 weeks, the whiskers of the returned mice were now trimmed whenever possible. Wild-type animals were likewise generated from 129/SvEv ϩ/ϩ matings. Animals from ( Figure 4B ). In addition, whiskerless Dvl1 mutant mice regrew whiskers within 2 weeks after return to their home these homozygous mutant and wild-type matings were housed as littermates.
cage ( Figure 4B ). These reversions in whisker pattern were also significant ( 2 ϭ 11.683, p Ͻ 0.001). When examining offspring housed as uniform genotypes, we noticed a striking difference between wildSince barbering is often associated with dominance (Long, 1972; Strozik and Festing, 1981) , a social domitype and homozygous Dvl1-deficient mice. Most wildtype male and female mice were completely devoid of nance tube test was performed (Lindzey et al., 1961; Messeri et al., 1975) . A total of 22 trials were performed whiskers and had trimmed facial hair ( Figure 3A) . Whisker trimming or barbering is a social behavior with 11 wild-type and 11 mutant mice. Each mouse was tested twice with different mice of the same gender. In (Strozik and Festing, 1981 ) characteristic of both males 16/22 cases (73%), the ϩ/ϩ mouse won the tube test their home cages twice daily over 5 consecutive days. Wild-type mice slept huddled in one quadrant of the trial ( Figure 4C ). The observations between the two genotypes were not independent, so a 2 one-sample analcage significantly more often than mutant mice [F(1,9) ϭ 11.371, p Ͻ 0.009]. These findings were not due to differysis was used to determine significance (see Messeri et al., 1975 for related analysis). The Ϫ/Ϫ mice lost more ences in body temperature regulation, since rectal temperatures for ϩ/ϩ (37.1 Ϯ 0.14ЊC, n ϭ 21) and Ϫ/Ϫ bouts than expected by chance ( 2 ϭ 4.54, p Ͻ 0.05), demonstrating that wild-type mice are more dominant (37.2 Ϯ 0.09ЊC, n ϭ 17) mice were not significantly different [t(36) ϭ 0.373, p Ͼ 0.7]. than mutant mice when paired against each other. This is consistent with the hypothesis that aberrant whiskerTaken together, the abnormal whisker-trimming behavior, the decrease in huddling while sleeping, and trimming behavior of the Dvl1-deficient mice is related to low levels of social interaction.
the poor nest building displayed by Dvl1-deficient mice demonstrate an essential role for Dvl1 in normal home cage social behavior.
Abnormal Sleeping Patterns and Nesting
Although both wild-type and mutant mice were observed sleeping near each other during videorecording, Abnormal Sensorimotor Gating Sensorimotor gating is the process by which inhibitory ϩ/ϩ 129/SvEv mice generally slept huddled together more often than Ϫ/Ϫ mice. Based on these preliminary neural pathways filter multiple stimuli and allow attention to be focused on one stimulus (Braff and Geyer, observations, sleeping behavior was analyzed in greater detail. ϩ/ϩ mice slept huddled, and if commercial nes-1990) . Sensorimotor gating can be measured by prepulse inhibition of startle, which is the modulation of the tlet wafers were provided to the mice, they built and slept in fluffy, well formed nests within 45 minutes (Figure startle response by a weak prepulse (Ison et al., 1973; Graham, 1975) . The acoustic startle reflex is a simple 3C). In contrast, Ϫ/Ϫ mice tended to sleep in scattered, random patterns, did not build full nests, and tended to neural circuit, involving approximately five synapses (Davis et al., 1982) , and prepulse modification of this sleep on top of intact nestlet material ( Figure 3D ). In addition, ϩ/ϩ mice built nests from nestlet material that circuit has been postulated to arise from diverse cortical, midbrain, and hindbrain centers (reviewed in Geyer and averaged 50 mm in depth, while Ϫ/Ϫ mice built significantly shallower nests ( Figure 4D et al., 1993), schizotypal personality disorders (Cadenheterozygous crosses (littermates) and age-matched mice from uniform genotype matings (data not shown). head et al., 1993), obsessive-compulsive disorders (Swerdlow et al., 1993 ), Huntington's disease (Swerdlow Startle responses of the mice used in these two experiments were also measured ( Figures 5B and 5D ). Overall, et al., 1995) , and Tourette syndrome (Castellanos et al., 1996) , suggesting that sensorimotor gating defects may ϩ/ϩ mice displayed greater responses to acoustic startle stimuli than Ϫ/Ϫ mice [first experiment: F(1,39) ϭ be a common neural dysfunction contributing to some symptoms of these disorders. Inbred mouse strains dif-7.153, p Ͻ 0.011; second experiment: F(1,36) ϭ 5.949, p Ͻ 0.02]. fer in prepulse inhibition and startle (Paylor and Crawley, 1997) , demonstrating a genetic basis for variability of
The acoustic prepulse inhibition of tactile startle responses was subsequently measured in the same mice. these responses.
Two independent experiments demonstrated that As observed for the acoustic startle response, Dvl1 Ϫ/Ϫ mice displayed overall significantly lower levels of overall levels of prepulse inhibition were attenuated in mutant mice. In the first experiment ( Figure 5A and Paylor, 1997) were administered to ϩ/ϩ and Ϫ/Ϫ significantly [F(1,154) ϭ 11.274, p Ͻ 0.0001] during training ( Figure 7A ), and there was no difference between mice to determine if Dvl1-deficient mice had other impairments that could account for low levels of social ϩ/ϩ and Ϫ/Ϫ mice in their ability to locate the platform [F(1,14) ϭ 0.398, p Ͼ 0.5]. To confirm that mice had behaviors and reduced sensorimotor gating. We used mice that resulted from both heterozygous crosses (litlearned the platform location, the platform was removed from the pool after the 36th and 48th trials (probe trials). termates) and age-matched mice from uniform genotype matings with similar results (data not shown).
Mice of both genotypes spent significantly more time in the training quadrant [ϩ/ϩ: F(3,21) ϭ 12.921, p Ͻ Motor coordination, strength, and balance were assessed with a rotarod ( Figure 6A 6.639, p Ͻ 0.003] than equivalent places in other quadrants of the pool ( Figure 7B ). There were no differences Locomotor activity was examined in an automated open-field arena ( Figure 6C (Morris, 1981) .
0.12]. Thus, spatial learning and memory capacities were similar in wild-type and Dvl1-deficient mice. Mice were trained on the spatial-learning, or hiddenplatform, version of the water maze (Upchurch and Hippocampal synaptic plasticity was investigated by measuring paired pulse facilitation (PPF) and long-term Wehner, 1988; Silva et al., 1992) . The ability of both ϩ/ϩ and Ϫ/Ϫ mice to find the hidden platform improved potentiation (LTP) in mutant and wild-type mice. PPF 
Discussion
Genetic factors are important modifiers of a variety of many cases, unexpected behavioral defects were found simple and complex behaviors in virtually all organisms.
in mice that were generated by gene targeting to evaluGenetic effects have been inferred from inbred strain ate the general functions of genes expressed in the analysis in rodents or from linkage analysis in rodents central nervous system, often providing novel insights and humans, but these studies have not yet resulted in into processes that influence behavioral variation. the isolation of specific genes involved in behavioral Our analysis of Dvl1-deficient mice has revealed the modification. More recently, genes influencing specific surprising result that Dvl1 participates in complex bebehaviors have been identified by analyzing behavioral haviors in mammals. Dvl1 mutant mice displayed striking abnormalities in social behaviors and sensorimotor abnormalities in mice with targeted gene disruption. In gating, but motor, sensory, and spatial learning prodifferences in sleeping patterns and nest-building support the hypothesis that Dvl1-deficient mice have abnorcesses were grossly normal. No structural abnormalities were found in any tissue from mutant mice. All experimal home cage behavior and social interaction, compared to wild-type controls. Other experiments will be ments were performed in completely inbred mice, so strain background differences could not account for needed to establish the exact nature of these home cage behavioral differences and to determine if social these defects. Parental effects are unlikely to have had significant impact on the observed phenotype of the interaction abnormalities in Dvl1 mice extend to other social behaviors such as aggression. Dvl1-deficient mice, since there were no observable phenotypic differences between mice generated from
The prepulse inhibition deficits of Dvl1-deficient mice suggest that Dvl1 contributes to normal sensorimotor heterozygous or uniform-genotype crosses.
We propose two potential models to explain the pargating. It is unlikely that the observed differences in prepulse inhibition between wild-type and Dvl1-defiticipation of Dvl1 in complex behaviors such as social behavior and sensorimotor gating. Dvl1 could particicient mice were the result of poor hearing in the mutant mice. Dvl1 mutant mice displayed prepulse inhibition at pate in developmental processes of central nervous system structures critical for these behaviors. Alternatively, prepulse sound intensities only 4 dB above background noise levels. In addition, auditory-evoked responses in Dvl1 may have distinct postdevelopmental effects in the brain, perhaps by direct involvement in neurotransmisthe hippocampus were similar in mutant and wild-type mice (data not shown), demonstrating that neuronal prosion or signal transduction.
Although we have not detected any structural abnorcessing of auditory stimuli is similar in wild-type and Dvl1 mutant mice, at least to the level of the hippocampus. malities in Dvl1-deficient mice, Dvl1 may still participate in developmental pathways in the central nervous sys-
The magnitude of the acoustic startle response was reduced in mutant mice, demonstrating that Dvl1 is imtem. Prepulse inhibition of startle has been postulated to arise from centers throughout the brain (reviewed in portant for the acoustic startle reflex. The depressed startle response in mutant mice is unlikely to have conGeyer and Braff, 1987). Since Dvl1 is expressed widely in the brain (Sussman et al., 1994) , it is possible that tributed to impairment of prepulse inhibition response for two reasons. The tactile startle response is similar Dvl1 mutant mice may have subtle developmental defects that we have not detected. Our inability to detect between the two genotypes, yet acoustic prepulse inhibition of the tactile startle response was also depressed structural abnormalities may be due to redundancy of function among the three Dvl genes. Loss of one of in the mutant mice. Results from pharmacological analysis (Mansbach et al., 1988; Bakshi et al., 1994 ; Johansthese, Dvl1, may result in developmental defects too subtle to detect by routine histological procedures and son et al., 1995) and mouse inbred strains (Paylor and Crawley, 1997) have clearly dissociated the startle and light microscopy.
Alternatively, Dvl1 may have distinct postdevelopprepulse inhibition responses. It is interesting to speculate that abnormal social intermental effects in the brain. All Dvl proteins contain PDZ or GLGF/DHR motifs (Ponting and Phillips, 1995) , presaction and sensorimotor gating defects may be related, based on the phenotype of Dvl1-deficient mice. Many ent in a variety of proteins in postsynaptic neurons. This suggests that Dvls may localize to these regions and patients with schizophrenia, Tourette syndrome, and schizotypal personality disorder display both types of participate in neurotransmitter release and/or signal transduction. We do not know at the moment whether abnormalities (reviewed in Geyer and Braff, 1987; Pickar, 1995) . Experimentally, social isolation of rats resulted in developmental abnormalities and/or signaling defects independent of development may play a role in the comdefective prepulse inhibition of startle Wilkinson et al., 1994) , associated with enhancement of plex behavioral phenotypes seen in Dvl1 mutant mice.
The genetics of social behavior have proved difficult amphetamine-mediated dopamine release (Wilkinson et al., 1994) . Thus, social interaction and sensorimotor gatto study, since interaction requires the participation of at least two individuals and the behavioral output of a ing may both be mediated by dopaminergic pathways, and Dvl1 could conceivably participate in synaptic transgroup cannot be easily attributed to the genetic complement of one individual (Hahn and Schanz, 1996) . We mission through its PDZ domain. Abnormal sensorimotor gating dysfunction is characwere able to distinguish home cage social behaviors attributable to Dvl1 function for two reasons: first, the teristic of several human psychiatric disorders, including schizophrenia, schizotypal personality disorders, obmice studied were of uniform 129/SvEv genetic background, except for the Dvl1 genotype; and second, mice sessive-compulsive disorders, and Tourette syndrome (reviewed in Geyer and Braff, 1987) . In addition, abnorwere housed as uniform genotypes, so that long-term observations could be made on individual genotypes. mal social interaction is found in many of these disorders, as well as in autism (reviewed in Ciarenello and Social behavior was initially examined because of striking differences in whisker patterns in wild-type and mu- Ciarenello, 1995; Pickar, 1995) . Since the Dvl1-deficient mice display similar abnormalities, they may provide a tant mice housed as uniform genotypes. Videorecorded observations suggested that mutant mice did not intergenetic animal model to study factors that may influence these abnormalities. For example, Dvl1-deficient mice act as frequently as wild-type mice, and we designed experiments to quantitate these differences. Genotypemay be a useful model for screening drugs that modify abnormal social interaction and sensorimotor gating. mixing experiments and the social dominance tube test indicated that the differences in whisker-trimming beRats treated with the dopamine agonist apomorphine or surgically lesioned rats have been primarily used for havior between wild-type and mutant mice likely resulted from differences in social interactions. In addition, screening antipsychotic drugs, by measuring reversal
Analysis of Social Behaviors
of prepulse inhibition deficits (Swerdlow et al., 1994) .
Home Cage Behavioral Videorecording
Dvl1 mutants and wild-type 129/SvEv mice could pro- Several of these human psychiatric disorders have (Grant and Mackintosh, 1963) were scored by two experimenters from 1 hour of the dark cycle and 1 hour of the light cycle. The genetic influences. For example, genetic loci linked to range and frequencies of behaviors scored by each observer were schizophrenia have been identified on human chromosimilar (data not shown).
somes 6 and 22 (reviewed in Murphy et al., 1996) . It has Social Dominance Tube Test been reported that a Dvl-like sequence maps to human
Eleven wild-type and eleven mutant mice (7 male and 4 females chromosome 22, within the region linked to schizophreeach) were tested as previously described (Lindzey et al., 1961;  nia (Pizzuti et al., 1996) . However, the sequence present Messeri et al., 1975) in a 30 cm long and 3.5 cm diameter (3.0 cm diameter for females) tube. A wild-type and a mutant mouse of the in this region is homologous only to the 3Ј untranslated same gender were placed at opposite ends of the tube and released.
region of the mouse Dvl1 gene, which maps to mouse A subject was declared a "winner" when its opponent backed out 4 (Beier et al., 1992) in a region syntenic to human 1p36. to any currently mapped locus for schizophrenia.
Nesting Patterns
We have identified Dvl1 as a genetic factor influencing Six cages of wild-type and six cages of mutant mice (N ϭ 4 mice per cage) were used to evaluate nesting patterns. A 5 ϫ 5 cm piece social behavior and sensorimotor gating. The availability of cotton nesting material (Ancare, Bellmore, NY) was placed in of Dvl1 mutant mice will provide an opportunity to study each cage. After 45 min, photographs were taken of each nest and the molecular basis for these defects and to test whether the nest depth was measured. Nest height data were analyzed using the Wnt pathway participates in complex behavioral the Student's t test.
phenomena. In addition, our data suggest that Dvls and
Home Cage Sleeping Behavior
Wnt pathway members are candidate genes for neuroSix cages of wild-type and five of mutant mice (N ϭ 4 mice per cage) were observed in their home cage, and the position and behavior of psychiatric disorders.
each mouse was recorded. The percentage of subjects sleeping huddled in the same quadrant in each cage was determined. Nine Experimental Procedures observations were made over a 5 day test period. Data was analyzed by a two-way analysis of variance (ANOVA) with repeated measures.
Gene Targeting and Creation of Dvl1-Deficient Mice
Whisker Trimming A 2.5 kb EcoRI-BglII Dvl1 fragment from within intron 1 to the middle The percentage of subjects having a full complement of whiskers of exon 2, and a 6 kb BglII-EcoRI fragment extending from the at several ages was recorded. Data were analyzed using a 2 test middle of intron 4 to beyond exon 15 were isolated from a 129/Sv for independent samples. To determine if whisker loss observed in Dvl1 genomic clone and inserted into wild-type mice resulted from social interactions when housed with pPNT (Tybulewicz et al., 1991) to generate pPNT-Dvl1 ( Figure 1A) .
other wild-type mice, a wild-type mouse was housed with a mutant pPNT-Dvl1 was linearized and transfected into TC1 embryonic stem mouse. In the first phase, 11 of these pairs were evaluated. After 2, cells (Deng et al., 1996) . Three targeted clones were identified by Southern blot analysis after SacI digestion with the flanking probe 4, and 6 weeks, the presence of whiskers in both wild-type and A ( Figure 1B ; wild-type allele 4.5 kb, targeted allele 9.5 kb) and mutant mice was recorded, and a 2 repeated 2 ϫ 2 analysis was confirmed with probe B and several restriction enzymes (data not used to determine if whisker changes were significant. In the second shown).
phase, wild-type and mutant mice were returned to their original Germline transmission was obtained with two clones at high frehousing cage, and the presence of whiskers was recorded weekly. quency by test-crossing chimeras with NIH Black Swiss mice. TC1
A separate 2 repeated 2 ϫ 2 analysis was used for phase 2 to ES cells were established from 129/SvEv mice (Taconic Farms), so determine if the change in whiskers was significant when mice were completely inbred 129/SvEv mice were obtained by mating germline returned to their original home cage. chimeras with 129/SvEv females. Resulting heterozygous offspring were completely inbred, since only ES-derived sperm could result Measurement of Startle and Prepulse Inhibition of Startle in transmission of the Dvl mutant allele. Wild-type offspring from Mice were tested in two SR-Lab Systems (San Diego Instruments, this cross were discarded. Thus, we were able to establish the Dvl1 San Diego, CA) as previously described (Paylor and Crawley, 1997) . mutant allele (Dvl1
Background noise level in each chamber was 70 dB. and inbred (129/SvEv) backgrounds. Genotyping was performed by Acoustic Prepulse Inhibition of an Acoustic Southern blotting, using probe B and BamHI digestion ( Figure 1C) .
Startle Response All animal experiments were carried out under protocols approved Two different groups of wild-type and mutant mice were tested by the NHGRI and NIMH Animal Care and Use Committees and (TEST 1 and TEST 2) for acoustic prepulse inhibition of an acoustic followed the NIH Guidelines, "Using Animals in Intramural Restartle response. After a 5 min acclimation period, each subject search."
(wild-type N ϭ 24, 13 male and 11 female; mutant N ϭ 17, 9 male and 8 female) in TEST 1 was presented 56 trials. Each session Immunoblot Analysis consisted of seven trial types. Two startle trial types were 40 msec Immunoblots were performed by standard procedures (Harlow and startle stimuli of either 100 or 115 dB. There were four different Lane, 1988), using the ECL Detection Kit (Amersham). The mouse acoustic prepulse plus acoustic startle stimulus trials presented monoclonal anti-Dvl1 antibody 1-3F12 was generated from a GST with the onset of a prepulse stimulus 100 msec before the onset of fusion protein containing the 45 carboxy-terminal amino acids of the startle stimulus. Each 20 msec prepulse stimulus (either 74 or Dvl1 (Steitz et al., 1996) by the ClonaCell-HY kit (StemCell Technolo-90 dB) was presented before both acoustic startle stimuli. Finally, gies, Inc., Vancouver, British Columbia, Canada). Conditioned methere were trials where no stimulus was presented to measure basedium from confluent 1-3F12 cells was used undiluted.
line movement in the cylinders. The seven trial types were presented (15 sec intertrial interval) eight times in pseudorandom order. The Histological Analysis startle response was recorded for 65 msec starting with the onset Tissues were collected and placed in 20 vol of 10% buffered formaof the startle stimulus. Maximum startle amplitude was used as the lin, embedded in paraffin, sectioned, and stained by routine methods (Luna, 1992 CA63929.
Assessment of Motor Function and Activity
Received March 25, 1997; revised July 22, 1997. Rotarod Mice were placed on a rotating (6.67 rpm) drum (10 cm in diameter), References and latency to fall was measured up to 60 sec. Mice that fell in less than 10 sec were given a second trial. Ten wild-type and ten mutant Bakshi, V.P., Swerdlow, N.R., and Geyer, M.A. (1994 Castellanos, F.X., Fine, E.J., Kaysen, D., Marsh, W.L., Rapoport, J.L., Shock Threshold Analysis Shock threshold testing was performed with ten wild-type and ten and Hallett, M. (1996) . Sensorimotor gating in boys with Tourette's mutant mice. Each mouse was placed in a 20 ϫ 20 cm chamber syndrome and ADHD: preliminary results. Biol. Psychiatry 39, 33-41. with a grid floor and given 1 sec foot shocks of increasing intensity Ciarenello, A.L, and Ciarenello, R.D. (1995) . The neurobiology of (0.075 mA, 0.1 mA, 0.15 mA, 0.25 mA, 0.35 mA). Thresholds for infantile autism. Annu. Rev. Neurosci. 18, 101-128. flinching, jumping/running, and vocalization were determined.
Crawley, J.N., and Paylor, R. (1997) . A proposed test battery and constellations of specific behavioral paradigms to investigate the Morris Water Task behavioral phenotypes of transgenic and knockout mice. Horm. BeEight wild-type and eight mutant mice were tested on the hidden hav. 31, 197-211. platform version of the Morris water maze task as previously deDavis, M., Gendelman, D.S., Tischler, M.D., and Gendelman, P.M. scribed (Silva et al., 1992; Paylor et al., 1996) in a circular polypropyl- (1982) . A primary acoustic startle circuit: lesion and stimulation studene (Nalgene) pool 105 cm in diameter. Each mouse was given 12 ies. J. Neurosci. 2, 791-805. trials a day, in blocks of 4 trials for 4 consecutive days. The time taken to locate the escape platform (escape latency) was deterDeng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A., and Leder, P. (1996) . mined.
Fibroblast growth factor receptor 3 is a negative regulator of bone After trials 36 and 48, each animal was given a 60 sec probe trial.
growth. Cell 84, 911-921. During the probe test, the platform was removed and quadrant Geyer, M.A., and Braff, D.L. (1987) . Startle habituation and sensorisearch times and platform crossings were measured as described motor gating in schizophrenia and related animal models. Schizophr. (Paylor et al., 1996) . The data for the two probe trials was averaged.
Bull. 13, 643-668. To estimate long-term retention of this task, mice were given a Geyer, M.A., Wilkinsin, L.S., Humby, T., and Robbins, T.W. (1993) . probe test 2 weeks after training.
Isolation rearing of rats produces a deficit in prepulse inhibition of Escape latency data were analyzed with two-way ANOVA with acoustic startle similar to that in schizophrenia. Biol. Psychiatry 34, repeated measures. Selective search data in probe trials were ana-361-372. lyzed by individual one-way repeated ANOVA and post-hoc comparison tests. Since both genotypes displayed selective search during Graham, F.K. (1975) . The more or less startling effects of weak probe trials, the Student's t test was used to directly compare trainprestimulation. Psychophysiology 12, 238-248. ing quadrant search time and platform crossing data between wildGrant, E.C., and Mackintosh, E.C. (1963) . A comparison of some type and mutant mice. Student's t tests were also used to analyze social postures of some laboratory rodents. Behavior 21, 246-259. training quadrant data from long-term retention probe trials.
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